Background: Both pre-supplementary motor area (pre-SMA) and SMA-proper (SMA) must play important roles in visuomotor sequence learning. However, functional differences between the pre-SMA and SMA have not been well studied in humans. Objective: To elucidate the functional differences between the pre-SMA and SMA in sequence learning in humans. Methods: To induce LTP/LTD, we administered quadripulse transcranial magnetic stimulation (QPS) with an inter-stimulus interval of 5 or 50 ms (QPS-5/50) over the pre-SMA or SMA in healthy volunteers. The sham stimulation was also done as a control. We studied the effects of LTP/LTD in the pre-SMA/SMA on a new sequence learning and the performance of well-learned sequence by using sequence learning task called the "2 Â 10 task". Effects on the simple choice reaction time task were also studied for comparison. Results: QPS-5 over the pre-SMA increased the error rate without any changes in movement speed. When administered over the SMA, QPS-5 decreased, and QPS-50 increased the rate of reaction time reduction across trials without changes in the error rate. QPS over neither the pre-SMA nor SMA affected the performances of a well-learned sequence or a simple choice reaction time task. Conclusions: Our findings that QPS over the pre-SMA correlated with sequence learning performance and that over the SMA with execution speed are consistent with the previous results in animals and humans. Our results lend further support to the utility of QPS for modulating motor learning in humans.
Introduction
Our daily activities involve many automatic motor sequences. For the acquisition of a new motor sequence, we perform the same sequence task repeatedly with trial and error, and the well-learned task becomes accurate, rapid, and nearly automatic [1e3]. This declarative-to-automatic transition process has been studied using the sequential button-press task (the 2 Â 10 task) [4] . This visuomotor learning task includes hierarchical procedures and an explicit trial-and-error process. The pre-supplementary motor area (pre-SMA) and the SMA-proper (SMA) are traditionally considered a key region for motor planning and execution. Recently, several studies suggested that the pre-SMA would be preferentially involved in higher-level planning processes while the SMA-proper would be more strictly associated with motor execution [5e7]. Human fMRI studies using the 2 Â 10 task have shown that pre-SMA activation contributes to the early stages of learning, whereas the activity of the SMA is more involved in the later stages compared with the pre-SMA [8e10]. The authors of these studies hypothesized that the pre-SMA was involved in visuomotor association rather than sequence performance, while the SMA was involved in sequence execution [8, 10] . However, few interventional studies in humans have been undertaken to verify the functional differences between the pre-SMA and SMA in the performance of this task.
The functional importance of a certain brain area is studied by analyzing two aspects of non-invasive brain stimulation (NIBS): the online effect of stimulation [11e15] and the offline effect of LTP/LTD [16e19] . In the present study, we used the offline effect in functional analyses of the differences between the pre-SMA and SMA.
To date, only one study has reported such differences: anodal transcranial direct current stimulation (tDCS) over the SMA promoted leaning in the implicit visuomotor pinch force task, whereas tDCS over the pre-SMA did not [20] . For intervention, we used our invented patterned repetitive transcranial magnetic stimulation (rTMS) technique, called quadripulse transcranial magnetic stimulation (QPS) [21] . We used QPS in the present study because QPS induces plasticity-like effect lasting over 1.5 h [21] and its interindividual variability is lower than the other NIBS techniques such as theta burst stimulation (TBS), paired-associative stimulation (PAS), or tDCS [22e26]. We applied QPS over the pre-SMA or SMA of human subjects and measured their performances in the 2 Â 10 task before and after the QPS intervention. We compared the task performance between the three stimulus conditions: QPS-5, QPS-50, and sham stimulation, at two different learning stages to investigate the functional differences between the pre-SMA and SMA in humans.
Subjects and methods
The timelines of each experiment and the number of subjects are shown in Fig. 1AeC .
Subjects
Sixteen healthy volunteers (2 females, age: 39.4 ± 2.2 [mean ± SD], range 23e51) participated in experiment 1. In experiment 2, twelve healthy volunteers (4 females, age: 38.3 ± 2.2, range 30e49) were recruited for pre-SMA stimulation, and twelve healthy volunteers (3 females [including 9 out of 12 pre-SMA volunteers], age: 38.5 ± 2.2, range 30e45) for SMA stimulation. Twelve healthy volunteers (1 female, age: 36.8 ± 3.3, range 28e51) participated in experiment 3.
All participants were right-handed, which was confirmed by the Edinburgh Handedness Inventory [27] . None of them had neurological, psychiatric, or other medical conditions or had any contraindication to TMS [28] . All participants gave their written informed consent to participate in the present experiments. The study protocol was approved by the Ethics Committee of the University of Tokyo in accordance with the ethical standards of the Declaration of Helsinki on the use of human subjects in experiments.
Quadripulse transcranial magnetic stimulation
Focal TMS was administered using a figure-of-eight coil (9 cm external diameter and 5 cm inner diameter; Magstim Co. Ltd, Whitland, Dyfed, UK). For QPS, monophasic TMS pulses were delivered with 4 magnetic stimulators (Magstim 200 2 ; Magstim Co. Ltd, Whitland, Dyfed, UK) connected with a specially designed combining module (Magstim Co. Ltd, Whitland, Dyfed, UK). The module combines the outputs from 4 stimulators to allow a train of 4 monophasic magnetic pulses to be delivered through a single coil. The QPS protocol consisted of bursts of 4 monophasic TMS pulses separated by an inter-stimulus interval of 5 ms (QPS-5) or 50 ms (QPS-50), with an inter-burst interval of 5 s, delivered continuously for 30 min ( Fig. 2A ). This protocol delivers a total of 360 bursts or 1,440 pulses. The subjects were seated on a comfortable chair. We chose QPS-5/QPS-50 because it is the most effective to induce LTP/ LTD-like effects in a stimulated primary motor cortex (M1) [21] .
The stimulus intensity of QPS was set at 90% of the active motor threshold (AMT) for the right first dorsal interosseous (FDI) muscle. The AMT was determined as the lowest stimulator output intensity to elicit motor evoked potentials (MEPs) of a 100-mV peak-to-peak amplitude when the participant maintained a slight contraction (5e10% of the maximum voluntary contraction) in more than 5 of 10 consecutive trials. For sham stimulation [29] , we used 2 figureof-eight coils. One coil was placed over the same position on the scalp as the real QPS coil, but not connected to the TMS machine, thus mimicking stimulation. The other coil was concealed right behind the subjects. This coil was connected to the TMS stimulator and activated by the trigger pulses for QPS5 or QPS50 to produce sounds that were the same as those of real QPS.
Localization of pre-SMA and SMA
We applied QPS over the pre-SMA or SMA ( Fig. 2BeD ). We first determined the optimal site for eliciting MEPs in the right tibialis anterior (TA) muscle (i.e., the TA "hot spot") on the scalp by moving the coil in 1 cm steps along the mid-sagittal line through the vertex (location Cz as measured by the international 10e20 system), with the handle pointing to the right. We detected the position that evoked the largest MEP and defined it as the primary motor cortex for the TA muscle [30] .
Pre-SMA stimulation was administered with a coil centered at a point 6 cm, and SMA stimulation at 3 cm, anterior to the right TA hot spot, according to previous studies [8,13,14,31e36] . We confirmed that these stimulation sites were indeed on the pre-SMA and SMA-proper using a neuronavigation system (eXimia 2.2.0, Nextim Ltd., Helsinki, Finland). We matched the calculated maximum electric field (EF max ) generated by TMS over the respective stimulation site (pre-SMA or SMA) on the scalp with the individual's anatomical MRI in 9 of 16 subjects. The mean coordinates of EF max for pre-SMA stimulation were 9.3 ± 1.6 mm (mean ± SD) anterior, and for SMA stimulation 10.6 ± 1.4 mm posterior, to the vertical commissure anterior (VCA) line, placing the inter-stimulus intervals [QPS-5/QPS-50], or sham) were applied in separate sessions over the pre-supplementary motor area (pre-SMA) or SMA-proper. After QPS, the subject performed the 2 Â 10 task. All of the subjects completed the task within 10 min. B, Timeline of experiment 2. The subject completed the same sequence 3 times (i.e., completed a certain hyperset for a total of 60 times). Thereafter, 3 different QPS conditions (QPS-5, QPS-50, or sham) were applied in separate sessions over the pre-SMA or SMA for 30 min. After QPS, the subject performed the same sequence as that before QPS. C, Timeline of experiment 3. The subject performed the 4-choice reaction time task after QPS-5 or sham stimulation over the pre-SMA or SMA in separate sessions.
pre-SMA and SMA at similar distances from the VCA in the anteriorposterior direction. These measurements confirmed that our estimated sites were consistent with the target cortices [37, 38] . Fig. 2D shows the results of navigation study in a single representative subject.
Behavioral tasks
The 2 Â 10 task
We used a sequential button-press task called the 2 Â 10 task [4, 39] . The procedure of the 2 Â 10 task is shown in Fig. 3 . The participants were seated facing a button-pressing device. The device was consisted from 16 red LED buttons arranged in a 4 Â 4 matrix and one another button called the "home key". In the 2 Â 10 task, the same hyperset was repeated until the participant successfully completed the hyperset 20 times, one hyperset consisted of 10 sets, and one set had one pair of buttons to press. On pressing the home key, 2 of the 16 target buttons illuminated simultaneously ("Set 1" in Fig. 3 ). Participants were asked to press the two buttons ("set") in a random order at first as quickly as possible with the right index finger. When they pressed the set in the correct order, the next set was illuminated. However, if the buttons were pressed in an incorrect order, the trial was aborted with a beep sound and participants had to restart from the home key. In the next trial, according to the last error sign, they had to press the set in the reverse order. A total of 10 sets were presented in a fixed order for the completion of a trial ("hyperset"). A hierarchical structure was composed of the set and hyperset in the task. On successfully completing a trial, the same hyperset was repeated from the beginning. The participants continued the procedure until they successfully reached the learning criterion of hyperset completions for 20 times. A computer controlled the illumination of buttons and recorded the responses of each participant. Before starting the experimental sessions, we explained the procedure of the task to the participants, and the participants were trained in a practice session. The hyperset used in the practice session was different from the one used in the experimental session.
Behavioral measures for the 2 Â 10 task
To assess the accuracy of performance, we counted the total number of wrong responses made before until reaching the criterion, i.e., completion of 20 successful trials ("number of errors"). To assess the speed of learning, we plotted the cumulative sum of completed hypersets (as a rule, 20 was the maximum) against the number of trials attempted. The point of "50% accurate response" on the learning curve was used as a global index of learning ability. We also measured the "button-press reaction time" (BPRT, the time from the stimulus onset to the first button press) and the "movement time" (MT, the time from the first button release to the second button press). The grand mean of BPRT or MT was used to assess performance speed [40] . In successful sessions, we obtained the ratios of the mean BPRT or MT of a certain successful trial to the corresponding mean of the first successful trial (e.g., BPRT n /BPRT 1 , MT n /MT 1 , 1 n 20). Since BPRT reduced according to hyperset completion, we used BPRT ratio as indices of the speed increase owing to learning ("reduction of BPRT"). Compared with the averages of all trials, these indicators reflect the process of speeding the execution after acquiring the correct sequences. We defined the "BPRT reduction rate" as the time constant obtained by fitting the BPRT ratio time-series with a single decaying exponential function of the form y ¼ C 1 exp(-rate*x)þC 0 , where C 1 and C 0 are constants, y is the BPRT ratio and x the trial number according to a previous study [41] .
In experiment 2, we used the difference in the error numbers between trials just before QPS (i.e., in the 3rd session; Fig. 3B ) and after QPS (Error post À Error pre3 ) as a measure of performance accuracy. We also calculated the ratios of the mean BPRT and MT in the session just before QPS to those post-QPS (BPRT post /BPRT pre3 and MT post /MT pre3 ) as measures of performance speed.
The 4-choice reaction time task
The subject sat in front of a computer screen and a keyboard with 4 clearly marked response keys. The subject was asked to rest the index, middle, ring, and little fingers of the right hand on the F5eF8 keys, in respective order, in preparation for the task. A square appeared in 1 of 4 positions that were horizontally spaced on the screen and aligned above the response keys. The subject had to push the key aligned with the square as fast as possible. The square A, QPS protocol. A burst of 4 monophasic transcranial magnetic pulses was delivered with an inter-burst interval of 5 s for 30 min. The inter-stimulus interval (ISI) in each burst was 5 (QPS-5) or 50 ms (QPS-50). B, C, Stimulation sites over the presupplementary motor area (pre-SMA; B) and SMA-proper (C). Pre-SMA QPS was given with a coil centered at a point 6 cm anterior to the optimal site for eliciting motor evoked potentials (MEPs) in the right tibialis anterior (TA) muscle (i.e., the TA "hot spot"), and SMA QPS was given with a coil centered at a point 3 cm anterior to the TA hot spot. The sham stimulation was the same as our previous paper. D, Neuronavigation in a single subject. Maximum electric fields (EF max ) generated by QPS over the pre-SMA and SMA were calculated with a neuronavigation system. The coordinates of EF max in pre-SMA and SMA QPS were equidistant across the vertical commissure anterior (VCA) line. AC-PC, anterior commissure-posterior commissure. did not disappear until the correct button was pushed. The interval between a correct response and the appearance of the next stimulus was set at 500 ms according to the original serial reaction time task design [42] . The test consisted of 2 blocks of 120 trials. The visual cues (squares) in both blocks appeared in random order. To avoid fatigue, the participants took a break for several minutes between the blocks. Before the experimental session, a practice session was carried out to familiarize the subject with the task. As behavioral measures, we obtained the "number of errors" (the sum of incorrect responses) and the grand mean of "reaction time" (RT) in the 2 blocks (240 trials).
Experimental design
Experiment 1: effects of QPS over the pre-SMA/SMA on new sequence learning Experiment 1 had a crossover design. The order of stimulus conditions (QPS-5, QPS-50, or sham), site of stimulation (pre-SMA or SMA), and sequences were randomly allocated to each participant. Repeating the same sequence in one subject was avoided. The intervals between successive sessions were at least a week. The timeline of experiment 1 is shown in Fig. 1A . After 30 min of QPS over the pre-SMA or SMA, or sham stimulation, the subject performed the 2 Â 10 task.
Experiment 2: effects of QPS over the pre-SMA/SMA on learned sequence performance
We compared the effects of QPS over the pre-SMA and SMA on the performance of a learned sequence. The timeline of experiment 2 is shown in Fig. 1B . The subject was instructed to complete the same sequence 3 times (i.e., complete a certain hyperset 60 times in total) to saturate short-term learning. Thereafter, QPS over the pre-SMA or SMA, or sham stimulation was administered for 30 min. After the QPS, the subject performed the same sequence as that before stimulation. The experiment had a crossover design, with the order of stimulus conditions (QPS-5, QPS-50, or sham), stimulation site (pre-SMA or SMA), and sequences allocated randomly to each participant. If a subject participated in more than one experiment (i.e., two or more QPS conditions), using the same sequence was avoided. The QPS protocol and location of pre-SMA/SMA stimulation were the same as in experiment 1. The intervals between successive sessions were at least a week. Experiment 3: effects of QPS over the pre-SMA/SMA on performance in the 4-choice reaction time task
To assess whether QPS over the pre-SMA/SMA affected the accuracy or speed of non-sequential stimulus-response behavior (simple choice reaction time), we studied the effects of QPS on performance in the 4-choice reaction time task. The timeline of experiment 3 is shown in Fig. 1C . The subject performed the 4choice reaction time task after QPS over the pre-SMA or SMA, or sham stimulation. The QPS protocol and location of pre-SMA/SMA stimulation were the same as in experiment 1. The experiment had a cross-over design; the order of stimulus conditions (QPS-5 or sham) was randomly assigned. Because QPS-5 but not QPS-50 induced significant effects on the performance both over the pre-SMA and SMA in experiment 1, we only applied QPS-5 and sham stimulation in experiment 3.
Statistical analysis
In experiment 1, to quantify the influence of QPS on new sequence learning, the number of errors, 50% accurate response point, mean BPRT and MT, and BPRT reduction rate were entered into two-way repeated-measures ANOVA (rmANOVA) with factors "QPS" (QPS-5, QPS-50, or sham) and "SITE" (pre-SMA or SMA). Post hoc comparisons were performed for significant rmANOVA effects with Dunnett's test. We employed Dunnett's because we aimed to compare effects of real conditions (QPS-5 or QPS-50) with sham only, and we did not intend to compare QPS-5 with QPS-50.
In experiment 2, to quantify the influence of QPS on the performance of a learned sequence, we performed two-way rmANOVA with factors "QPS" (QPS-5, QPS-50, or sham) and "SITE" (pre-SMA or SMA) on difference in the error numbers, ratio of mean BPRTs, and ratio of mean MTs.
In experiment 3, to quantify the influence of QPS on performance in the 4-choice reaction time task, two-way rmANOVA with factors "QPS" (QPS-5 or sham)" and "SITE" (pre-SMA or SMA) was performed on the number of errors and mean RT.
Data analysis was performed using Matlab (version R2018a, The Mathworks Inc., Natick,MA). The statistical analyses were performed using the SPSS Statistics software (version 18.0.0; IBM, New York, NY, USA). P value < 0.05 was set as the statistical significance. Unless stated otherwise, data are shown as means ± SEM. Fig. 3 . Procedure of the 2 £ 10 task. An example sequence is shown in the lower row. The button labeled "1" in the figure was to be pressed first in each set. The actual buttons were not labeled. The top row shows an example of a completed trial ("hyperset"). A hyperset consisted of 10 "sets", 2-button combinations presented sequentially. The correct order of button pressing in each set was unknown to the subject and had to be learned empirically. Pressing the wrong button ("error") at any point aborted the trial. The participant had to press the "home key" to restart the trial. Each session was terminated when the participant successfully completed a hyperset for total of 20 times.
Results

Experiment 1
All subjects tolerated the experimental procedures well, without adverse effects. The mean FDI-muscle AMT was 37.1 ± 4.8 (SD) %. The results of experiment 1 are summarized in Table 1 .
Effects on sequence learning
A two-way rmANOVA showed a significant main effect of "QPS" on the number of errors [F (1.236, 18.540) ¼ 5.757, p ¼ 0.022], but no significant main effect of "SITE" [F (1, 15) 
There was a significant interaction of "QPS" Â "SITE" [F (1.362, 20.424) ¼ 4.160, p ¼ 0.044]. A post hoc analysis showed that the number of errors significantly increased in QPS-5 over the pre-SMA compared with sham stimulation (p ¼ 0.033, Dunnett's test; Fig. 4A ). There was a tendency that the number of errors was smaller in QPS-50 over pre-SMA than in sham stimulation (p ¼ 0.105, Dunnett's test; Fig. 4A ).
The learning curves obtained in experiment 1 are shown in Fig. 4B . Two-way rmANOVA revealed a significant main effect of "QPS" on the point of 50% accurate response [F (2, 26) ¼ 7.636, p ¼ 0.002], but no significant main effect of "SITE" [F (1, 13) ¼ 0.895 p ¼ 0.362]. There was a significant interaction of "QPS" Â "SITE" [F BPRT, button-press reaction time; MT, movement time; QPS, quadripulse transcranial magnetic stimulation; QPS-5/QPS-50, QPS with 5/50 ms inter-stimulus intervals; SMA, supplementary motor area. Results are presented as means ± SEM. a For QPS-5 vs. sham stimulation, p < 0.05. Fig. 4 . Effects of quadripulse transcranial magnetic stimulation (QPS) on sequence learning in experiment 1 (new sequence). A, Effects of QPS on the number of errors. In presupplementary motor area (pre-SMA) stimulation, the number of errors was significantly larger in QPS-5 (black bars) compared with that in sham stimulation (gray bars). The difference in the number of errors between QPS-50 (white bars) and sham stimulation was not significant. In SMA stimulation, the number of errors did not differ significantly between QPS-5 and sham, or between QPS-50 and sham. B, C, Effects of QPS on the learning curve. The vertical axis shows the cumulative sum of completed hypersets. The horizontal axis shows trial numbers. In pre-SMA stimulation (B), the learning curve shifted to the right, and the number of trials required to achieve the point of 50% accurate response was significantly larger in QPS with 5 ms inter-stimulus intervals (QPS-5; black circles) compared with that in sham stimulation (gray triangles). The corresponding difference between QPS with 50 ms inter-stimulus intervals (QPS-50; white circles) and sham stimulation was not statistically significant. In SMA stimulation (C), the number of errors did not differ significantly between any stimulation conditions. All data are presented as means of 16 subjects. Error bars are 1 SEM. Asterisks indicate significant differences (p < 0.05, Dunnett's test); n.s., not significant.
(2, 26) ¼ 3.395, p ¼ 0.049]. A post hoc analysis showed that the number of trials required to achieve the point of 50% accurate response was significantly larger in QPS-5 over the pre-SMA compared with sham stimulation, but no significant difference between QPS-50 over the pre-SMA and sham stimulation (QPS-5 vs sham: p ¼ 0.048, QPS-50 vs sham: p ¼ 0.438, Dunnett's test; Fig. 4B ). The learning curve was shifted to the right in QPS-5 over the pre-SMA relative to the curve in sham stimulation, indicating that learning was inhibited by QPS-5 over this area. In contrast, there were no significant differences in the number of trials required to achieve the point of 50% accurate response between any stimulus conditions over the SMA (QPS-5 vs sham: p ¼ 0.652, QPS-50 vs sham: p ¼ 0.859, Dunnett's test; Fig. 4C ).
Effects on performance speed
A two-way rmANOVA revealed no significant main effect of "QPS" nor "SITE", and no significant interaction between "QPS" Â "SITE" on the grand mean of BPRT [QPS: Fig. 5D ].
BPRT reduction curves are shown in Fig. 5B . A two-way rmA-NOVA revealed a significant main effect of "QPS", but no significant main effect of "SITE" on the reduction rate of BPRT [QPS: F (1.891, 28.369) ¼ 18.907, p < 0.001; SITE: F (1, 15) ¼ 3.292, p ¼ 0.090]. There was a significant interaction of "QPS" Â "SITE" [F (1.737, 26.050) ¼ 21.885, p < 0.001]. A post hoc analysis showed that the reduction rate of BPRT was significantly smaller in QPS-5 and larger in QPS-50 over the SMA compared with sham stimulation (QPS-5 vs sham: 0.162 ± 0.036 vs 0.294 ± 0.029, p ¼ 0.047, QPS-50 vs sham: 0.451 ± 0.052 vs 0.294 ± 0.029, p ¼ 0.015, Dunnett's test; Fig. 5C ), but no significant difference between QPS-5 nor QPS-50 over the pre-SMA and sham stimulation (QPS-5 vs sham: 0.244 ± 0.025 vs 0.291 ± 0.028, p ¼ 0.313, QPS-50 vs sham: 0.244 ± 0.025 vs 0.291 ± 0.028, p ¼ 0.356, Dunnett's test; Fig. 5C ).
Experiment 2
All subjects tolerated the experimental procedures well, without any adverse effects. The mean AMT of the FDI muscle was 36.1 ± 5. 1 (new sequence learning) . A, The grand mean of button-press reaction time (BPRT) did not differ between any stimulation conditions in either pre-supplementary motor area (pre-SMA) or SMA stimulation. B, The reduction curve of BPRT according to hyperset completion for the pre-SMA and SMA stimulation. C, Estimated BPRT reduction rates for all conditions (means of the time constant of a single exponential fit to individual subject data). In SMA stimulation, the reduction of BPRT was significantly inhibited by QPS with 5 ms inter-stimulus intervals (QPS-5; black bar), and significantly enhanced by QPS with 50 ms inter-stimulus intervals (QPS-50; white bar), compared with that in sham stimulation (gray bar). D, The grand mean of movement time (MT) did not differ significantly between any stimulation conditions in either the pre-SMA or SMA. E, The reduction of MT did not differ significantly between any stimulation conditions in either the pre-SMA or SMA stimulations. All data are presented as means of 16 subjects. Error bars are 1 SEM. Asterisks indicate significant differences (p < 0.05, Dunnett's test); n.s., not significant. Table 2 , Fig. 6C ]. These results demonstrated that QPS did not affect the performance of well-learned sequential movements.
Experiment 3
All subjects tolerated the experimental procedures well, without any adverse effects. The mean AMT of the FDI muscle was 36.8 ± 5.1 (SD) %.
A two-way rmANOVA also showed no significant effect of "QPS" nor "SITE" and no significant "QPS" Â "SITE" interaction, either on the number of errors [QPS: F (1, 11) ¼ 0.031, p ¼ 0.864, SITE: F (1, 11) ¼ 1.105, p ¼ 0.316, QPS Â SITE: F (1, 11) ¼ 1.105, p ¼ 0.316; Fig. 7A ] or the grand mean of RT [QPS: F (1, 11) ¼ 0.676, p ¼ 0.429, SITE: F (1, 11) ¼ 0.010, p ¼ 0.922, QPS Â SITE: F (1, 11) ¼ 0.010, p ¼ 0.922; Fig. 7B ]. These results demonstrated that QPS did not affect the performance of a simple choice reaction task.
Discussion
We found that LTP induction over the pre-SMA by QPS modulated the learning of a new visuomotor sequence in humans. While QPS over the SMA did not alter sequence learning, it did affect the speed of sequential movements during learning. The performance of a well-learned motor sequence was not affected by QPS over either the pre-SMA or SMA. In addition, QPS over the pre-SMA/SMA did not affect performance in a choice reaction task. These results suggest that plastic changes in the pre-SMA and SMA modulate motor sequence learning differentially. Previous imaging studies in humans and electrophysiological studies in monkeys have given indirect evidence of functional significance of the pre-SMA and SMA. In the present study, we showed that the intervention in pre-SMA/SMA by QPS affected performances in a sequential learning task.
Effects of QPS and the roles of the pre-SMA and SMA in visuomotor sequence learning
Our findings that QPS over the pre-SMA altered the number of errors and the learning curve of the completed hypersets, but not the performance speed, are consistent with the previous studies using the same visuomotor sequence learning task (the 2 Â 5 task for monkeys and the 2 Â 10 task for humans) [4,8e10,39] . Animal studies have shown that neurons in the pre-SMA are active in the initial phase of sequence learning, until the successful completion of a hyperset, which suggests that the pre-SMA contributes to the acquisition of sequences [9] . Human fMRI studies have shown that the pre-SMA is activated at the stage of learning visuomotor associations but not during sequence execution [8, 10] . Our finding that plastic changes in the pre-SMA could alter the process of motor sequence learning supports the hypothesis that the pre-SMA plays a critical role in new sequence acquisition [8, 10, 40] . In contrast, QPS over the SMA affected the automatization of sequential movement speed during motor sequence learning. The automatization of sequential movement, that is, increase in speed according to repeated trials, is one of the parameters of learning [4, 10, 43, 44] . In addition, QPS over the SMA did not change the number of errors and the learning curve of the completed hypersets. These results are consistent with the theory that the SMA is involved in the execution of sequential movement more than in the learning of a new sequence [3, 40] , and that the SMA plays a crucial role in movement generation [8,40,45e47] . However, in our study, the average performance speed in the 2 Â 10 task was not influenced by QPS over the SMA, in an apparent contradiction with the previous results of the injection of a potent selective GABA type A (GABA A ) receptor agonist, muscimol, into the animal SMA [40] . The average performance speed of a well-learned sequence was not affected by QPS over either the SMA or pre-SMA in our experiments. One possible explanation for this discrepancy is that QPS affected SMA activity differently from muscimol. Consistent with this hypothesis, QPS had no significant effect on intracortical GABAergic function [21] . The neural mechanisms that are involved in movement automatization and execution of learned movements may be different. Another explanation for no changes in welllearned sequence is that the learning effect achieved the ceiling. We employed the procedure that repeating same sequence for three times for well-learned sequence. Judging from slight difference in the number of errors or performance speed between the third session before QPS and the session after QPS, learning could saturate in short term. We cannot exclude the possibility that in well-learned sequence, too much learning may be unaffected by NIBS. We speculate that QPS-induced plastic changes in the SMA may affect the learning process of sequential movement automatization more than execution of learned movements. This model explains why the automatization was affected more strongly than speed. However, the mechanisms of movement automatization have not been analyzed previously. Further experiments using such as dual task paradigm which examine the automaticity of movements (i.e. a task is automatic if upon a secondary task goal can be performed without sacrifying speed or accuracy), are required to clarify this issue.
Many factors other than acquisition of the correct visuomotor association may be involved in the performance of the 2 Â 10 task, such as task switching [36, 48] , "chunking" [49e51], response inhibition [19] , or simply a decrease in the accuracy of the stimulusresponse behavior. While the results of Exp. 3 indicated that neither QPS over the pre-SMA nor SMA affected the accuracy and speed of the non-sequential stimulus-response behavior, further studies are warranted to reveal which factor most contributes to the QPSinduced changes in visuomotor learning.
Direction of plasticity and its effects on task performance QPS-5 both over the pre-SMA and SMA inhibited sequence acquisition or the reduction of BPRT. QPS-50 over the SMA enhanced the reduction of BPRT, while QPS-50 over the pre-SMA showed a tendency to enhance sequence acquisition. Our results suggest that QPS may be able to modify motor learning bidirectionally. Administered over human M1, QPS-5 induced LTP-like, and QPS-50 LTD-like plasticity in M1 [21] . In our previous study of QPS effects on performance in the stop-signal task [52] , stop-signal reaction time (SSRT) significantly decreased after excitatory QPS-5 over the pre-SMA and significantly increased after QPS-50 over the pre-SMA [29] . The direction of plasticity (i.e., potentiation vs. depression) was in parallel with the effects on task performance: QPS-5 induced LTP-like effects in the pre-SMA reduced SSRT, whereas QPS-50 induced LTD-like effects increased SSRT. In the present study, in contrast, LTP-like effects inhibited learning, and LTD-like effects tended to enhance learning. One possible explanation for the reverse relationship between QPS-induced plasticity and task performance observed in the present study may be homeostatic plasticity. Homeostatic plasticity is the homeostatic regulation of synaptic plasticity in which the capacity of synapses to exhibit plasticity depends on prior levels of neuronal activity [53, 54] . Recently, several studies reported the effects of the noninvasive brain stimulation (NIBS)-induced plasticity on the subsequent motor learning [55e60]. Two previous studies using paired associative stimulation or tDCS over M1 [61, 62] demonstrated homeostatic interaction between NIBS-induced plasticity and subsequent motor learning, i.e. NIBS-induced LTP inhibited and NIBS- induced LTD enhanced the motor learning. Since the interaction between plasticity-like effects (potentiation or depression) and changes in learning (inhibition or enhancement) was homeostatic in the present study, QPS-induced LTP-like plasticity may inhibit or LTD-like plasticity may enhance subsequent learning through homeostatic plasticity.
QPS-50 over the pre-SMA, inducing LTD-like plasticity, tended to enhance motor sequence learning, but statistically nonsignificant. One possible explanation for this non-significance is a ceiling effect: motor sequence learning in healthy subjects has been saturated and cannot be accelerated further even through QPS-50induced homeostatic plasticity. Another explanation is that brain areas other than the pre-SMA, such as the DLPFC [10] , are also necessary for sequence learning, and changes in the excitability of the pre-SMA are not sufficient to enhance sequence learning on their own. Still another possibility is that the neuronal population involved in sequence learning is not completely the same as that stimulated by QPS. Further studies are required to reach a firm conclusion about this issue.
We are aware of limitations in this study. First, the sample size was small. We cannot exclude the possibility that a type II error affected our analysis. Further study with the large sample size is warranted to confirm our present results. Second, since the mean stimulated coordinates for the pre-SMA and SMA were about 2 cm apart, we cannot exclude the possibility that both stimulations may activate the same site considerably. However, based on several previous studies [13,14,31e36] , we suppose the TMS over 6 cm anterior from the motor point would mainly activate the pre-SMA and that over 3 cm anterior the SMA proper. We need further studies using more focal stimulation or some monitoring techniques to clarify this issue. Third, we did not apply QPS-50 for the control experiment. While we applied only QPS-5 and sham stimulation because only QPS-5 induced significant effects both over the pre-SMA and SMA in experiment 1, control experiments using QPS-5 and QPS-50 would make the control experiment more convincing.
Conclusions
We found that QPS over the pre-SMA modulated acquisition of a new sequence learning, while QPS over the SMA proper modulated learning related speeding up of sequential movements. Neither QPS over the pre-SMA nor SMA affected well-learned sequence performances or simple choice reaction task performances. Our results suggest that the pre-SMA and SMA-proper play distinct roles in the visuomotor sequence learning process: the pre-SMA is associated with new sequence acquisition, whereas the SMA-proper is involved in sequential movement automatization. QPS can modulate human motor learning, and our data suggest that QPS over the pre-SMA/SMA should be used for neurorehabilitation or treatment of neurological disorders. More studies should be conducted to prove such utilities.
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